After strontium/transuranics removal by precipitation followed by cesium/technetium removal by ion exchange, remaining low activity waste in the Hanford River Protection Project Waste Treatment Plant is to be concentrated by evaporation prior to being mixed with glass formers and vitrified. To provide a technical basis to permit the waste treatment facility, a relatively organicrich Hanford Tank 241-AN-107 waste simulant was spiked with 14 target volatile, semi-volatile and pesticide compounds, and evaporated under vacuum in a bench-scale natural circulation evaporator fitted with an industrial stack off-gas sampler at the Savannah River Technology
INTRODUCTION
At the Hanford Site, 56 million gallons of aqueous low activity waste (LAW) are currently stored in over 177 single-and double-shell storage tanks 1 , some of which were suspected to be leaking WSRC-MS-2002-00590 Rev. 1 and sending plumes of radioactive waste toward the Columbia River. In the coming years, the Hanford River Protection Project Waste Treatment Plant (RPP-WTP) pretreatment and vitrification processes will be designed and built to process this waste into an immobilized form.
The current RPP-WTP process for Hanford tank supernatant liquids generally calls for: 1) filtration to remove precipitated strontium (Sr-90) and transuranic (TRU) metals, 2) Cs and Tc ion exchange processes using elutable organic resins, 3) concentration by evaporation of the decontaminated waste, followed by 4) vitrification of the concentrated waste mixed with glassformers. Prior to the filtration step, precipitation of some wastes, the so-called "Envelope C"
waste in Tanks 241-AN-102 and 241-AN-107, with strontium and permanganate solutions will be required due to high strontium and TRU levels and poor filterability of raw supernatant liquids. Since the wastes have been found to contain low levels of regulated organic compounds 2 originating from the PUREX 3 solvent and laboratory wastes dumped into the tanks, low activity waste melter feed evaporation has been regarded as an important source of emissions to be included in the RCRA (Resource Conservation and Recovery Act) off-gas emissions permit application to the State of Washington. The purpose of this work was to provide an experimental basis for emissions estimates from the evaporation of aqueous wastes contaminated with various classes of organic compounds, and provide data for the development of computer process models that will also be used for the permit application process and risk assessments. The other outputs from this work were 1) preliminary evaporator operating data for flow sheet development and evaporator design, such as operating pressure and temperature, 2) expected concentration endpoints, 3) foaming and scaling potential, 4) compositions of the evaporation condensate and concentrate, 5) distribution of fed organic compounds into the aqueous output streams, and 6) physical properties of the product concentrate. The knowledge gained and the model developed based on this study can be applicable elsewhere in the Hanford RPP-WTP process, such as ion exchange eluate evaporation and possible pre-processing waste concentration, and also served as the working basis for bench-scale radioactive evaporator testing using an actual Hanford Tank 241-AN-102 waste sample 4 .
The EPA (Environmental Protection Agency) SW-846 off-gas sampling methods were developed under the authority of Title III of the Clean Air Act Amendments in 1990 5 . These methods are typically employed for sampling plant emission stacks for determination of regulated compound concentrations, although these and similar techniques have been used for other activities such as ambient air sampling 6 and tank vapor space sampling 7 . Sorbent cartridge-based off-gas sampling methods quantify both mass of analyte captured from the offgas and off-gas sample volume, both of which can be completely diverted to an off-gas sampler from small bench-scale equipment, as well as offer good capture efficiencies and recoveries for a wide range of organic compounds. If combined with mass and organic concentration data from aqueous streams, a potentially viable extension of these off-gas sampling techniques was for use to obtain a material balance on fed organics for an operating bench-scale evaporator. A reasonable literature search did not reveal similar use of the EPA SW-846 Methods in the recent published technical literature, particularly the combination of industrial-scale sampling and bench-scale equipment as was demonstrated here.
EXPERIMENTAL Setup
The Hanford RPP-WTP low activity waste melter feed evaporator will be a forced circulation type similar to the Hanford 242-A evaporator that is currently used to concentrate Hanford supernatant wastes 8, 9 . The evaporator is a forced circulation evaporator that is designed to operate at an absolute pressure of 40 to 80 torr 10 . A bench-scale thermosiphon evaporator ( Figure 1 ) was used in this investigation to best mimic the plant-scale evaporator design on a laboratory-scale. Construction was mainly of glass and polytetrafluoroethylene (PTFE) to minimize potential organic absorption/adsorption losses, with the metal parts limited as much as possible to little-or non-contact surfaces. Thermocouples and resistance temperature detectors measured the evaporator (T2), condensor (T3) and condensate (T4) temperatures, and an Incoloy  heating rod (with internal thermocouple T1) served as the heating element in this natural circulation evaporator. Pressure (PG) and temperature measurement devices of stainless steel construction as well as material addition/removal ports were secured using stainless steel fittings mounted in PTFE plugs. Feed, condensate and concentrate were introduced into or removed from the system through PTFE lines and valves (V1-V3). Continuous feed addition and concentrate removal (semi-batch for condensate) at a nominal 9.6 and 6.6 mL/min, respectively, was performed using peristaltic pumps equipped with a segment of Viton  tubing.
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Natural leak rates of as low as 0.2 mL/min (STP) were achieved for this ~5200 mL internal volume system without the use of vacuum grease. A measured air in-leakage was added using a mass-flow controller to create a total evaporator in-leakage (11.5 ml/min) scaled on a percentage of system volume basis for expected air in-leakage in the full-scale plant.
Simulant Development
Although this work is part of a series of evaporation studies, the AN-107 waste represented a "worst-case" where interactions between high organic content in the waste and the regulated organic compounds were expected to be most significant. Actual AN-107 waste contains relatively high concentrations of organic complexants added for strontium and cesium recovery during PUREX waste reprocessing, and this characteristic is reflected in the simulated waste.
Precipitated and filtered AN-107 ("Envelope C") simulated waste feed material at 5. 
Sample Analysis
The total evaporator condensor vent gas (off-gas) and PTFE-diaphragm vacuum pump bleed air, 
RESULTS AND DISCUSSION
Prior to the regulatory evaporation experiment, critical operating parameters were estimated by process modeling as was done successfully for earlier Hanford waste simulant runs 14 . After resolving charge balance issues caused by conflicting analytical data, an electrolyte process model using the Environmental Simulation Program (ESP) licensed by OLI Systems, Inc.
(henceforth called the "OLI model") was formulated to predict the evaporation temperature and pressure, and the bulk saturation point for the simulant. OLI uses a thermodynamic and mathematical framework for predicting the equilibrium properties of a chemical system. The OLI mathematical framework is based upon: The OLI software contains an extensive databank of thermodynamic and physical properties containing over 3,000 inorganic and organic species. The databank supports the predictive framework 1 . ESP, contained within the OLI software engine, is used to simulate, design and optimize chemical processes, including complete process flow sheets. The bulk solubility limit of a multi-electrolyte solution is defined here as the point where the solution becomes either saturated with one or more of the major salt species, or supersaturated with other minor salt species to the extent that the total insoluble solids formed exclusively out of minor constituents exceeds 0.5 wt% of the entire solution. The predicted operating pressure of -27.6 in Hg vacuum (60 mm Hg) at 50°C was experimentally verified in a preliminary boildown experiment, and the predicted bulk solubility limit of 11.4 M Na was remarkably within ~10% of the observed ~10.3
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Overall, 38.9 L of spiked simulant was fed producing approximately 27.4 L of concentrate and 12.6 L condensate, which was within 2.5% of the target as verified by evaporator concentration factors. Generally, the experiment went smoothly with the system operating the majority of the time at the desired steady state conditions. On a few occasions, the concentrate produced became either too dilute or concentrated by ±1.2 M Na at the extreme, generally caused by changing pumping flow rates as the experiment progressed. These effects were minimized by periodic material balance checks and concentrate density measurements by pycnometer. Mass of spiked feed material fed into the evaporator and mass of concentrate and condensate extracted were recorded throughout the experiment. Overall mass and volume balance closures on the 75 hour steady-state evaporation (Table 1) were to within 2%, with closures to within 5% and 1%
for the volatiles and semi-volatiles off-gas sampling portions of the run, respectively. The densities assumed for the volume balances are from experimental measurements of the feed before experiments and of the concentrate during the experiment. Efficient operation of the experimental evaporator was verified by the high decontamination factors (DF = ratio of the concentration of analyte in the evaporator feed and condensate) calculated for both major and minor analytes (Table 2) . Additional supporting evidence for high DF's are the non-detectable levels (<0.01-10 mg/L) of metals (except Si) and anions in the condensate when analyzed by inductively-coupled plasma emission spectroscopy (ICP-ES) and anion ion chromatography (IC).
In fact, many of the calculated DF's were limited to relatively low numbers by analyte minimum detection limits in the condensate samples. More sensitive analytical methods such as ICP-mass spectroscopy (ICP-MS) and pH would be required to accurately evaluate evaporator performance.
Approximately 130 regulatory off-gas and liquid samples were collected and sent for analysis during the two off-gas sampling events. Review of the regulatory process, field, trip and reagent blank data shows that contamination was a minor issue in 22 of the approximately 72 blanks, with most detected analytes (e.g. benzene, toluene and 4-methyl-2-pentanone) being only slightly above detection limits or at levels far below those detected in associated samples. The remainder
did not show detectable quantities. Many of these "positive" results never impacted results since "positive" trip blanks were discounted due to non-detectable levels in associated field blanks, and one case was a water reagent blank for dilution that was never needed. As a result, only about 10 sample results had to be adjusted slightly as a result of detected contamination. After an in-house quality assurance review of the regulatory data supplied by the vendor analytical laboratory, the corrected regulatory analytical data was then combined with the experimental mass balance data to understand the fate of the 14 target organic compounds fed into the evaporator. Table 3 lists the average concentrations of the 14 target organic compounds detected in the feed using best available data. Table 4 lists the calculated quantity and standard deviation of each target organic compound entering or leaving through each evaporator stream for the overall experiment.
Given the 20-130% acceptable analyte recoveries specified for this work, acceptable mass balances (-30 to 80% mass closure) were obtained for all species except for 1,2-dibromoethane, 1,2,3-trichloropropane and pentachlorophenol where small measured quantities and/or large analytical losses were expected for these compounds due to hydrolysis 15 . Typical acceptable recoveries are of order 50-150% with of-order relative deviation of 25%, with actual methodspecific precision and accuracy usually determined by repeated testing with the actual system in the field. Future regulatory evaporation studies should consider excluding halogenated aliphatic compounds given the rapid degradation in caustic solutions observed within the short experimental exposure times relative to the age of the Hanford tank wastes. Similar material balances were performed individually for both the volatiles and semi-volatiles/pesticide off-gas sampling periods and were not found to change the results or trends significantly. Table 4 with methylene chloride, the in-house results for both feed and concentrate semi-volatiles and pesticides were deemed more accurate and were used in the analysis, except pentachlorophenol.
It is believed that sample acidification is necessary to render the phenol in the more hydrophobic protonated form that would then be more readily extracted by methylene chloride.
The volatiles off-gas data were deemed uncertain for two primary reasons. First, low surrogate recoveries, average 8% for Anasorb sorbent tubes and an acceptable but low 34% average for Table 4 were not adjusted for reported recoveries, as is standard practice. Second, due to the sorbent tube analysis difficulties, the obtained analytical volatiles quantities for one volatiles Tenax sample tube is known to be approximate and low due to detector overload. As a result, all sorbent tube recovered quantities were deemed approximate, although the target organic compound distribution trends appear unaffected and reasonable material balances were obtained since the bulk of the analytes were on the Anasorb tube. An important note is that all Anasorb and one sample Tenax tube were solvent extracted to yield the analytical results. Hence, the process, field, and trip blank Tenax tube results were thermally desorbed for analysis and those results (where significant) were not affected by the aforementioned difficulties.
While the material balance results for the 14 target organic compounds was satisfactory given the experimental design, clearly improvements can be made to reduce the variabilities in the target analyte recoveries from the off-gas stream. First, this experiment was to serve as the first of two sampling, and analyte distribution without the benefit of feedback to improve the process.
Second, subsequent review of the technical literature revealed that the experimental reliance on the Anasorb-747 tubes to capture the bulk of the volatiles in the Method 0031 off-gas sampling was not recommended by the EPA Method developers. Fuerst et al. 16 found that Anasorb-747 sorbent efficiently traps non-gaseous volatile organic analytes but does not quantitatively release them by thermal desorption, and strongly recommended that Method 0031 be utilized to capture the bulk of the analytes on the two preceding Tenax sorbent tubes. Attempts to achieve quantitative recovery by increasing thermal desorption temperatures from 180°C to 350°C were unsuccessful 17 . Given the aforementioned low spike recoveries, methanol solvent extraction of the Anasorb-747 used in this investigation is suspected to have encountered similar but unquantifiable difficulties. In future testing, obtained Tenax sorbent capacities will be combined with the distribution data in Table 3 to shorten volatiles sampling times, and multiple off-gas samplings to different sorbent loadings will be used to account for possible analyte breakthrough.
Another possible experimental improvements include lowering the spiking levels slightly from the 500-1000 ppb range to the approximate 300 ppb observed for acetone, the most concentrated volatile found in Hanford wastes sampled thusfar 2 .
The OLI model, which was successfully used earlier to predict evaporator operating conditions and bulk saturation, was also used to predict the relative partitioning of each target organic compound between condensate, concentrate and off-gas streams (Table 5 ). This work was a major effort that exhausted model input capacity with 21 organic salts (e.g., Na 2 H 2 EDTA), 45 inorganic salts, and 15 organic species (14 target organic compounds + acetone solvent). The model was built on an equilibrium speciation of 17 vapor species, 50 undissociated aqueous species, 90 ionic species, and 24 solid species, requiring a simultaneous solution of 132 nonlinear equilibrium relationships in addition to the usual mass and charge conservation equations.
Both the OLI software and in-house databases were employed in this work. The relative distributions of the 14 target organic compounds, fed at an assumed 1 ppm, generally match well with the experimental results, with the exception of pentachlorophenol, pyrene and Aldrin (Table WSRC- the volatile and semi-volatile organic off-gas sampling periods. While the impact on the concentrate and off-gas streams caused by the presence of an organic phase was likely minimal, the quantities of Aldrin, BEHP and pyrene observed in the condensate phase may be low as the condensate was withdrawn from the condensate tank from the bottom and the second phase was not observed to disappear at 40°C. The lack of an observed accumulated second phase after 75 hours of operation is inconclusive. Interestingly, the material balance for naphthalene is good despite the OLI model prediction as a major component in the organic phase.
To put the OLI model results into context and examine other possible sources for discrepancies between the model predictions and experimental data, theoretical vapor-liquid equilibrium calculations were performed using Henry's Law and an idealized Raoult's Law. Henry's Law was selected for its common use as an empirical model at low organic concentrations in aqueous systems, such as in organic-contaminated groundwater modeling. An idealized Raoult's Law, assuming an ideal solution in both the liquid and vapor phases, was selected as a baseline to understand the effect of vapor pressure on organic partitioning. As has been used previously for many non-ideal systems, the Henry's Law constant was calculated using the following expression obtained in the literature 19, 20 :
where H is the dimensionless Henry's Law constant, C gas and C liquid are the concentrations of the compound of interest in the gas and liquid phases, T is absolute temperature, R is the Universal Gas Constant, and P vp , M w and S are the pure organic compound vapor pressure, molecular weight and aqueous solubility, respectively. The Henry's Law constant defined as the ratio of the gas and liquid concentrations assumes ideal gas behavior and that the solute concentration in the liquid phase is very dilute, both reasonable assumptions for the experimental evaporator system. The accuracy of eq 1 has been verified at SRTC for benzene in caustic salt solutions 21 through experimental measurement of both aqueous and gas phase concentrations. Equation 1
has also been used at SRTC for estimating Henry's Law constants for 1-butanol in caustic salt solutions 22 and benzene in sodium tetraphenylborate solutions 23, 24 where experimentally measured solubility data were combined with pure compound vapor pressure data from the WSRC-MS-2002-00590 Rev. 1 literature. In the calculations for this study, pure compound vapor pressure for the 14 target organic analytes were also taken from the technical literature. Aqueous solubility data were used as no solubility data were available for these target organic compounds in Hanford waste salt solutions. As a first approximation, competition between the "salting out" effect of the high ionic strength aqueous phase and the expected increase in organic solubility due to the high organic complexant concentrations in the AN-107 aqueous waste was thought to permit the replacement of experiment-derived waste solubility data with aqueous solubility data.
These empirical models were applied to the vapor-liquid equilibria in the evaporator pot and the condenser. The vapor-liquid equilibrium concentrations were calculated at 60 mm Hg absolute pressure (-27.6 in Hg vacuum), with evaporator and condenser operating temperatures of 50°C
and 40°C, respectively. The partitioning of each organic species was calculated by simple mass balance combining design feed (9.6 mL/min), condensate (3.0 mL/min), and air in-leakage (11.5 mL/min) rates with experimentally measured organic input quantities. For example, actual target analyte input rates were calculated dividing the total analyte mass fed in Table 3 Last, other potentially useful and unusual experimental results for this particular simulated waste will be mentioned, although detailed discussion and calculations can be found in Reference 13.
The overall volume balance data indicated that the feed was concentrated by a factor of 1.42, assuming ideal mixing and that the condensate was pure water. Combining this concentration factor with the evaporator feed data, predicted species concentrations in the concentrate were calculated. Given the estimated 10% random error in the analytical data, actual and predicted concentrate metals and total solids concentrations matched very well, being within 12% for the Further refinement or use of relevant solubility data may be required to increase the predictive capability for the heavier semi-volatile compounds studied. 
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